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Abstract— This paper proposes a distributed coordinated 
voltage control scheme for distribution networks with distributed 
generation (DG) and on-load tap changer (OLTC). In this 
scheme, static synchronous compensators (STATCOMs), DG 
units and OLTC are coordinated to regulate voltages of all buses 
to be close to the nominal value in the distribution network, 
mitigate voltage fluctuations, and minimize the number of 
operations of OLTC while considering different temporal 
characteristics of voltage regulation devices. The optimization 
problem of coordinating DG units and STATCOMs is 
decomposed by the gradient projection (GP) method. The local 
controller optimizes the reactive power outputs of DGs and 
STATCOMs according to local voltage and reactive power 
measurements, and still achieves the optimal coordination of DG 
units and STATCOMS in a decentralized manner without a 
central controller or communication between local controllers. 
The OLTC control scheme is designed to correct the long-term 
voltage deviations based on model predictive control (MPC) 
while minimizing the number of operations. The local controllers 
send the calculated reactive power references of DG and 
STATCOMs to the OLTC controller, which achieves distributed 
coordinated voltage control and mitigates the computation 
burden. A distribution network with two 20 kV feeders and 8 DG 
units was used to validate the control performance of the 
proposed coordinated voltage control scheme. 

Index Terms—Distributed control, distribution network, 
gradient projection (GP), model predictive control (MPC), 
voltage control. 

I.  INTRODUCTION 

HE increasing penetration of distributed generation in 
distribution networks has changed the power flow from 

traditional unidirectional to bidirectional [1]. The conventional 
passive distribution networks are gradually transforming into 
active distribution networks (ADNs) [2]. As the main element 
of ADNs, distributed generation (DG) such as photovoltaic 
(PV) and wind power can meet the increasing energy demand 
and alleviate the environmental issue. However, due to the 
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high penetration of DG, it brings several technical challenges 
such as voltage rise, power quality, stability and protection 
[3].  

Voltage regulation is one of the key aspects for secure 
operation of ADNs. Maintaining the steady state voltage 
within permissible limits as well as ensuring voltage quality in 
the system are essential for the operation of ADNs. 
Conventional voltage regulation devices including on-load tap 
changer (OLTC), step voltage regulator (SVR), and switched 
capacitor banks (CBs) have the characteristics of slow 
response and discrete actions [4]. To better control the voltage, 
several advanced devices such as modern power electronics 
converts and STATCOMs are designed [5]. Consequently, in 
order to coordinate these voltage regulation devices, more 
effective control methods are urgently needed [6], which 
motivates a lot of research in this area. 

Traditionally, voltage control methods are designed in a 
decentralized manner without any coordination between 
voltage regulation devices and DG units. Power factor control 
(PFC) is widely used in ADNs to ensure that reactive power 
output of DG tracks its active power output [7]. Through 
power factor control, DG units are locally controlled to 
mitigate the voltage rise in distribution networks [8]. 
Moreover, PFC is sometimes combined with voltage control, 
which is known as power factor control-voltage control (PFC-
VC) [9]. The OLTC transformers are usually controlled 
automatically to increase or decrease voltage by detecting 
whether the secondary voltage is within the specified range 
[10]. These traditional decentralized methods mentioned 
above are simple and of low-cost. However, they are often 
unable to achieve optimal control. 

With the deployment of more control equipment, 
distribution networks become more complex and active. 
Therefore, the coordinated voltage control strategies have 
been developed with different levels of communication 
requirement and complexity. These schemes require a central 
controller to solve an optimization problem and regulate the 
entire network [5]. In [11], the optimal power flow (OPF) 
based voltage control scheme was designed, which aims to 
minimize the curtailed active power of DG units. In [12], the 
central controller was used to optimize parameters of piece-
wise linear functions and control the power output of PV units. 
A coordinated voltage regulation scheme combining SVR and 
OLTC was proposed for ADNs in [13]. In [14], a particle 
swarm optimization (PSO) algorithm was used to solve the 
multi-objective mixed-integer nonlinear programming 
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(MINLP) problem. Centralized control methods are also used 
for real-time demand response [15], model predictive control 
[16] and model-free centralized control [17]. A combined 
local and centralized voltage control scheme was proposed in 
[18]. The reactive power of DG units is controlled locally 
according to a piecewise linear static V-Q characteristic, and 
the central controller computes reactive power regulations 
based on MPC. In [19], an MPC-based framework was 
proposed to realize the local control of DG units, and the 
alternating direction method of multipliers (ADMM) 
algorithm was adopted to obtain the near-global optimization 
of voltage control. Considering uncertainties from DG units 
and demands, a robust constrained model predictive control 
(RCMPC) was formulated for centralized voltage control in 
[20]. These centralized methods usually result in a heavy 
computational burden for large-scale distribution networks. 
Therefore, distributed control schemes have attracted a lot of 
attention [21]. 

In the last few years, a lot of efforts have been made to 
demonstrate how the distributed control scheme can be 
implemented in distribution systems [22]. In [23] and [24], 
optimal distributed control strategies based on alternating 
direction method of multipliers (ADMM) and Distributed 
MPC were proposed, which reduce the voltage deviation by 
optimizing the reactive power output of DG. The effect of 
active power output of DG on voltage regulation is considered 
in [25]. In order to coordinate with OLTC, a communication 
based distributed control for OLTC and DG was proposed in 
[26] and [27]. The coordination by communication is proposed 
to avoid interference between the autonomous operations of 
different controllers. Distributed voltage control of distribution 
networks is summarized and compared in [28]. These methods 
mainly focus on optimizing the reactive power output of DG, 
and OLTC controller generally adopts line drop compensation 
(LDC) control. A weighted average of estimated voltage at all 
buses was used to control the OLTC in [29]. In [30] and [31], 
a two-stage voltage control strategy was proposed to 
coordinated DG units and OLTC. First, the OLTC operation is 
scheduled, and then the reactive power outputs of DG units are 
controlled. The existing methods do not consider the effect of 
fast var device when controlling OLTC, which cannot realize 
optimal coordination. 

Therefore, this paper proposes a distributed coordinated 
voltage control for distribution networks based MPC and GP 
method with DG and OLTC. In this scheme, the reactive 
power outputs of DG units and STATCOMs, and switching 
operation of OLTC are optimally coordinated. Compared with 
the existing studies, the main contributions of the paper are 
summarized as follows: 

1) Propose a distributed coordinated voltage control for 
distribution networks with DG and OLTC based on MPC and 
GP which can optimally control the reactive power outputs of 
DGs and STATCOMs without a central controller or 
communication between local controllers in the fast time scale 
and minimize the switching operation of OLTC with slow 
dynamics. 

2) Develop a novel OLTC control method based on MPC 

which optimizes the coordination between the fast var devices 
and OLTC control and minimizes the switching operation time 
of the OLTC.  

3) Design a unidirectional communication based 
coordination mechanism between the fast var devices and 
OLTC which is robust to the communication failure. 

This paper is organized as follows. In Section II, the 
configuration of the framework of the distributed control 
scheme are presented. Decentralized control based on the GP 
method for DG and STATCOM is presented in Section III. 
The OLTC control based on MPC is described in Section IV. 
The simulation results are presented and discussed in Section 
V, followed by conclusions. 

II.  OVERVIEW OF DISTRIBUTED COORDINATED VOLTAGE 
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Fig. 1. Structure of distributed coordinated voltage control scheme. 

Fig. 1 shows the structure of the proposed distributed 
coordinated voltage control scheme. The control scheme 
consists of two parts: decentralized control of DG and 
STATCOM and OLTC control, which considers different 
temporal characteristics of voltage control devices. Local 
controllers calculate the optimal reactive power outputs of 
STATCOM and DG units in a decentralized manner based on 
the GP method. According to the network impedance and GP 
method, the control parameters required for decentralized 
calculation such as the weight ( ,DGi Sq qg g ) and step size ( ,  ) 
are obtained by offline calculation. Combined with the 
measured local voltage 0

iu  and current reactive power output
0
iq , the optimal reactive power outputs ref

iq  of DG and 
STATCOM are calculated. For the control of OLTC, the 
OLTC controller collects the network operation information 
including: 1) voltages of the critical buses selected according 
to the electrical distance [32]; 2) reactive power outputs 
calculated by the local controllers; and 3) operation 
information of OLTC transformers. Accordingly, the optimal 
action of the OLTC transformer that minimizes the voltage 
fluctuation of the entire distribution network is calculated 
based on the MPC method. The voltage sensitivity is 
calculated using the analytical method in [33] for the OLTC 
control. In addition, in order to reduce unnecessary operation 
of the OLTC, the optimal action command will not be sent to 
the OLTC until it satisfies certain conditions, which is 
described in Section Ⅳ. 
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Both the decentralized control and OLTC control aim to 
keep the network voltage close to the nominal value. The tap 
position change of the OLTC can affect the voltage at each 
bus. Local controllers send reactive power outputs of DG units 
and STATCOM to the OLTC controller for computing the 
optimal operation of the OLTC. As such, the DG units, 
STATCOM and OLTC are coordinated to maintain the 
voltages within distribution networks to be close to the 
nominal value, mitigate voltage fluctuations, and minimize the 
switching operation of the OLTC. 

III.  GP-BASED DECENTRALIZED VOLTAGE CONTROL  

In this section, a GP-based decentralized voltage control is 
proposed for minimizing the voltage deviation from the 
nominal value within distribution networks in a decentralized 
way without loss of optimality of the optimal control problem. 
The reactive power outputs of DG units and STATCOM are 
optimized in the proposed decentralized control scheme. The 
optimality and stability analysis of the proposed solution 
method is presented in Appendix.  

A.  Network Model 

The typical distribution network has a radial topology. 
Thus, the DistFlow model is used to describe the relationship 
between power flow and bus voltage [34]. 
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where jp  and jq  denote the injection of active and reactive 
power of node j ; subscript ij  indicates that nodes i  and j  
are adjacent, ijr  and ijx  denote the impedance of the line ij ; 

ijP  and ijQ  denote the active and reactive power transported 
from node i  to node j ; iV  denotes the voltage magnitude of 
node i ;and jN  is the set of nodes that are directly connected 
to node j . 

The nonlinear term 
22 2( )ij ij iP Q V  denotes the squared 

line current magnitude, which represents the line power loss of 
the distribution network. Assuming the loss is negligible 
compared to line flow, model (1)-(3) can be simplified as a 
linearized model. The approximation error introduced is 
relatively small, at the order of 1% [35]. Let N be the number 
of the distribution network nodes, and define the incidence 
matrix 𝐀 ∈ 0, 1 A , 𝐀  (let vector A  denote 
the first row of matrix 𝐀, and the rest of matrix denoted by 𝐀 
of size N N) as, 

 
1,           

1,           

0,                                

ij

ijij

if node i of e is closer to slack bus

if node i of e is away from slack bus

otherwise

 





A  (4) 

Based on this, the linearized model can be transformed into a 
matrix form, 
  AP = p  (5) 

  AQ = q  (6) 

 s 2U  
ΤΤ ΤA , U = (RP + XQ)  (7) 

where ΤU  are vectors of node voltage iU  ( iU denotes 
2

iV ) , 
SU  denotes the voltage of slack bus; R  and X  are diagonal 

matrix ( ijr and ijx  are the diagonal elements, respectively); P
, Q , p  and q  are vectors corresponding to the matrix A . 
Substituting (5) and (6) into (7) yields,  
 1 1

0 s2 2 = +      U A RA p A XA q A A U Mq U  (8) 
where 1=2  M A XA , 1

0 s: 2 U   U A RA p A A . In [34], 
both 1 A RA  and 1 A XA  are proofed to be positive 
definite (PD).  

B.  Mathematical Formulation of Voltage Control Problem 

    1)  Objective function: In order to resolve the voltage 
fluctuation problem of the active distribution network with 
DG units, the main objective of the decentralized control 
scheme is to keep the voltage level of the ADN close to the 
nominal value. The reactive power outputs of DGs and 
STATCOM are used to regulate voltages. Accordingly, the 
cost function is expressed as, 

 21
min ( )

2 U
f 

Gq
q U - Ur  (9) 

where 2 ( ) ( )U U
GU - Ur U - Ur G U - Ur ; q  denotes the 

vector of Var output; rU  is the voltage reference, which is set 
to “1” in this paper; and UG  is the weight matrix of the 
voltage fluctuation.  
    2)  Constraints: Consider the reactive power output limit of 
the DG units and STATCOM, the available reactive power 
constraint is, 

 n maxmi  q q q  (10) 

where minq  and maxq  denote the lower and upper limits of the 
reactive output.  

For the distribution network, the equality constraint is, 

 = U Mq U  (11) 

    3)  Decentralized voltage control based on GP: The optimal 
problem (9) can be reformulated as a standard quadratic 
programming problem, which can be efficiently solved in a 
centralized method. However, due to the high penetration of 
DG units, centralized control will have a huge computation 
burden. Thus, a decentralized control scheme based on the GP 
is used for DG and STATCOM controllers. 

The optimal solution of the optimization problem (9)-(11) 
can be iteratively obtained along the negative gradient 
direction. Moreover, the solution after each iteration should 
satisfy the inequality constraint (10). Therefore, a general 
form of the solution is, 

  ( 1) ( ) ( ( ) ( ( )) ( ))k k k f k k       q q q q q  (12) 

where k  is the number of iterations; （0,1] and 0   
are the step size control parameters, which ensures that the 
iteration solution satisfies the constraints (9) as long as the 
initial value satisfies the constraint; z  denotes a column 
vector,  z  denotes a method that maps to a constraint set, 
and its value can be defined as, 
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The basic GP method converges slowly. To improve the 
convergence performance, a scaled GP method is proposed. 
Firstly, introduce a scaled matrix H  that is positive and 
transform the optimal problem using the rules 1/ 2:H q H q , 

1/ 2min ( ) ( )HH f
H

Hq
q H q  (14) 

min 1/ 2 maxsubject to  Hq H q q  (15) 
1/ 2= ( ) HU M H q U  (16) 

The iteration equation after the transformation becomes, 

  ( 1) ( ) ( ( ) ( ( )) ( ))H H H H Hk k k H k k       q q q q q (17) 

Considering the rules 1/2( ( )) ( ( ))H k kfH   q qH , 
 1 1/ 2 ( ) ( ( ))( ) ( ( )) H Hk H kk f k           q qq H q H  and 

1/2( ) ( )Hk kq H q , the iteration equation can be written as, 

 1( 1) ( ) ( ( ) ( ( )) ( ))k k k f k k 
       q q q H q q  (18) 

Eq. (18) is the final form of the iteration equation of the 
scaled GP method. In this way, the convergence rate of the 
algorithm depends on the maximum and minimum 
eigenvalues of its Hessian 1/ 2 2 1/ 2( )f H q H .The closer the 
eigenvalues, the faster the convergence rate. Thus, the value of 
H  should be close to 2 ( )f q  in order to improve the 
convergence performance. 

As shown in (18), the global gradient information 
( ( ))f k q  is necessary for each iteration. In order to obtain 

the optimal solution in a decentralized way, the gradient 
information should be decoupled and be measured locally. For 
the objective function in (9), its gradient ( ( ))f k q  is 
calculated as,  
 ( ( ))=( ) ( ) ( )U Uf k k q M G M q MG U Ur+ -  (19) 

By taking 1
U

G M , the gradient can be transformed into, 

 ( ( ))= ( ) ( )f k k k q q U UM U U
r r+ - -  (20) 

where ( )kU  denotes a vector of the voltage at each node at 
the kth iteration. In this way, the global gradient information 
can be calculated by the local voltage and reactive power 
output. This is also the key to the decomposition of iterations, 
i.e., local measurements can reflect the global gradient 
information. 

Moreover, the scaled matrix H  should also be a diagonal 
matrix for the complete decomposition of the iteration 
equation. Considering H  should be close to 2 ( )f q , a 
diagonal approximation to the Hessian matrix is used, i.e., 

2

11

2

( )

=diag h

( )
NN

f

f

    
 
 

    

q

H

q

 1 2 N（ ,h , h ）= (21) 

where 2 ( )f q M  and H  are positive definite. 

Finally, the iteration equation of the decentralized reactive 
power control is transformed as, 
 1( 1) ( ) ([ ( ) ( ( ) )] ( ))i i i i i r iq k q k q k h U k U q k         (22) 

IV.  OLTC CONTROL SCHEME BASED ON MPC 

An MPC-based OLTC control scheme is proposed in this 
section to determine the optimal action of the OLTC 
considering the network and coordination with local voltage 
controllers of DG units and STATCOM. 

A.  Predictive Model 

    1)  DG units and STATCOM: The inverter-based DG units 
with short response time is used in this paper. Based on this, 
for the decentralized reactive power control scheme mentioned 
in Section III, the reactive power outputs of DG and 
STATCOM in the predicted range can be obtained as, 
 1[ ] [ ( ), ( ) , ( )]P

S Nk q k q k q k Q   (23) 

where [ ]P kQ  denotes the reactive power injection for the kth 
prediction step. Eq. (23) is derived from (22). 
    2)  Network: Generally, power flow equations are used to 
model the distribution network as (1)-(3). In this subsection, a 
model derived from the Taylor approximation at the real-time 
operating point is adopted to predict the voltage of the 
network, which is, 

 0
P

tap
tap DG

N
N 

  
      

 
V V V

V V Q P
Q P

 (24) 

where PV  denotes the predictive voltage; DG
 V P , 

 V Q  and tapN V  denote the voltage sensitivities with 
respect to the changes of active power injection, reactive 
power output and OLTC tap position; and tapN  and P  are 
the variation of OLTC tap position and active power injection. 

B.  Sensitivity Calculation and Critical Bus Selection 

    1)  Sensitivity calculation: 
The voltage sensitivity calculation is necessary to develop 

the linearized network model mentioned above for voltage 
prediction. Traditional methods for voltage sensitivity 
calculation are based on the updated Jacobian matrix, which 
can only calculate coefficients related to the power injections. 
Since the voltage sensitivity with respect to the tap changers is 
needed for the proposed control scheme, the analytical 
sensitivity calculation method in [33] is used in this paper. 
Define S  and   as the set of slack buses and the buses with 
power injection. ij

i iV V e   denotes the voltage of bus i  for 
i S  . The voltage sensitivity with respect to power 
injections can be calculated by, 

 
1

Re( )
ii

i
l i l

V V
V

P V P

 


 
 (25) 

 
1

Re( )
ii

i
l i l

V V
V

Q V Q

 


 
 (26) 

where lP  and lQ  denote the active and reactive power 
injection of bus l  ( l  ), respectively; iV  denote the 
conjugate of iV ; liV P   and i lV Q   can be derived from 

iV  and ,bus ijY  ( ,bus ijY  denotes the elements of the admittance 
matrix [ ]bus N NY   ); and Re( ) represents the real part of the 
complex term in the parentheses. 

The voltage sensitivity coefficients with respect to tap 
changes is difficult to calculate directly. Considering the 
relationship between tap changes and the voltage of MV bus ( 

kV  ), the voltage sensitivity with respect to the MV bus 
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voltage can be calculated firstly and then the voltage 
sensitivity with respect to tap changes can be derived by, 

 1
1

2

i N i
k tap

tap N k

V V V
V V

N V V

 
   

 
 (27) 

where 1kV  is the primary voltage of the transformer and tapV  
is the voltage step per tap; 1NV  and 2NV  denote the nominal 
voltage of the transformer; and kiV V   is the sensitivity 
coefficients with respect to the MV bus voltage magnitude, 
which can be calculated directly. 
    2)  Critical bus selection: 

To minimize the voltage deviation from the nominal value 
within distribution networks, the real-time operation states of 
the network need to be monitored. However, considering the 
heavy burden of investment and computation, it is impractical 
to monitor all bus voltages in the network. Therefore, several 
critical buses should be selected to reflect the whole system 
operation conditions. In this paper, a systematic critical bus 
selection method based on clustering techniques is used. The 
electrical distance is only related to the sensitivity coefficients 

QV  , which is suitable for the network with low R X radio 
[27]. In distribution networks, the impact of active power 
injections should be taken into account. Therefore, the degree 
of coupling between buses i  and j  is quantified by, 

 

i i

j j

ij

j j

j j

V V

P Q
d

V V

P Q

 


 


 


 

 (28) 

then, the electrical distance between nodes i  and j  is defined 

as, 
 log( )ij ij jiD d d    (29) 

Based on the electrical distance, the hierarchical clustering 
method is used to group buses [36]. Initially, each bus 
represents a cluster, and then the clusters gradually merge to 
the pre-determined threshold. After that, the critical buses of 
each group can be selected by the following principle: the DG-
connected buses will be selected as the critical buses; 
otherwise, the buses at the end of feeder are selected. In this 
paper, DG-connected buses are selected as the critical buses 
and the results of the critical bus selection are showed in Fig.4 
(critical buses in red). The non-critical bus voltages are 
assumed to be close to the critical bus voltages due to the 
small electrical distance. 

C.  MPC-Based Coordinated Voltage Control 

Model predictive control is a widely used optimal control 
method. The control input is obtained by solving a discrete-
time optimal control problem over a given horizon. An 
optimal control input sequence is generated and only the first 
control in the sequence is applied [37]. 

The principle of MPC is illustrated in Fig. 2. In a prediction 

horizon PT , there are CN  control periods CT .For OLTC 

control, CT  is set in seconds and must be equal or longer than 

the mechanical time delay mechT , which is much longer than 
the response time of DG units. To achieve coordinated voltage 

control, the sampling time PT  is set as the control time of 
DG and STATCOM. The number of prediction steps within 

one control period and total prediction steps are C PSN T T   

and PP PN T T  ,respectively. 

0( )x t
(1)x (2)x

PT




0t 0 + ct T

Control Period cT

Prediction Horizon PT

State trajectory

Predicted State x

uControl sequence

0 + Pt T

until current time

 

Fig. 2. Principle of MPC. 

 
    1)  Objective function: Firstly, the OLTC controller 
minimizes the voltage deviation from the nominal value 
within distribution networks. Secondly, reducing the operation 
times of the OLTC is also be considered. Accordingly, the 
cost function is expressed as, 

 2 2

1 1

min ( ( ) ( ) ( 1) )
C S

vtap

N N

i ref tap tapW Wtap
i k

k i i
 

   
n

V V n n  (30) 

where refV  denotes the voltage reference, which is typically 
1.0 p.u. and ( )i kV  is the vector of the predictive voltage, tapn  
is the tap position of the OLTC, vW  and tapW  are the 
weighting factors for minimizing the variation of voltage and 
variation of tap position, respectively. 
    2)  Constraints: For an OLTC transformer, the allowable 
operation range of the tap is as follows, 

( ) ,taptap tapn n i n i    (31) 

 ( ) ,taptap tapn n i n i       (32) 

where tapn  and tapn  are the lower and upper limits of the tap 
position, tapn  and tapn  are the lower and upper limits of the 
tap changes. The predictive voltage derived from (24) is, 
 ( ) (0) ( ) ( ) ( ),DGi tap

tap DG

V V V
k n i k k k

N Q P 

  
       

  
V V Q P  (33) 

where DGP is the forecasted available power of DG units, 
which can be obtained hours-ahead according to the 
meteorological data, (0)V denote the measured voltage 
magnitude at the current operating point, DGP  and ( )kQ  
denote the variations of active/reactive power injections, 
respectively. (0)V  and ( )kQ  are provided by local 
controllers.  

The presented MPC problem can be reformulated as a 
standard Integer Quadratic Programming (IQP) problem with 
the decision variable ( )tapn i . Generally, the control actions 
are only changed at the beginning of the control period and 
maintained within the control period. The optimal action 
command is calculated based on the transient state, which may 
cause OLTC mis-operation. In order to avoid OLTC mis-
operation, the OLTC will receive the command and perform a 
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tap change only if the optimal action command is maintained 
for a predefined time delay delayT .  

D.  Flowchart and Architecture of the DCVC Scheme 

Fig. 3 shows the flowchart of the whole control strategy to 
better illustrate the relationship between controllers. The steps 
of the distributed coordinated voltage control method can be 
described as follows: 
 Local controller calculates the optimal reactive power 
outputs of DG units and STATCOM according to the  local 
voltage and current reactive power injection based on the GP 
method; 
 Local controllers send the measured voltage and calculated 
reactive power outputs to the OLTC controller; and 
 OLTC controller calculates the optimal operation command 
based on the information received and perform a tap change 
after a time delay. 

( )
i
q k ( )

i
U k

1( 1) ( ) ([ ( ) ( ( )

             ( ( ) )] ( ))

i i i i i r

mid
qi i i i

q k q k q k h U k U

g q k q q k

  



    

  

( +1)
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q k
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Optimal Var power 
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N Q P 
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(0)V
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1 1

min ( ( ) ( ) ( 1) )
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vtap

N N
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i k

k i i
 

   
n
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tapn
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tapn delayT
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tap tapn n   0tapn 

Y

N

Tap change

OLTC controller

2
min

UGq
U - Ur

Optimal action 
command

 

Fig. 3. Flowchart of the proposed distributed coordinated voltage 
control. 

The distributed coordinated voltage control architecture is 
shown in Fig. 4 to better illustrate the unidirectional 
communication based coordination mechanism. Each DG and 
STATCOM is equipped with a smart agent which can send 
information and solve the control problems independently. 

The measured voltages and reactive power outputs of DG 
units and STATCOM are sent from the local controller to the 
OLTC controller using one-way communication. The tap 
change of the OLTC affects the optimization calculation in the 
local controller by changing the voltages within the 
distribution network. Therefore, a unidirectional 
communication based coordination mechanism between the 
fast var devices and OLTC is achieved. According to [38], the 
minimum information update interval in IEEE 802.11 (Wi-Fi) 
is of the order of 10 ms, which is adequate for the proposed 
DCVC system. Therefore, It is possible to apply the proposed 
control strategy in a real distribution network. 

H
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S Su q 

0 ref
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S Su q 
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1 1DG DGu q  0 0

DGi DGiu q 0 0
DGN DGNu q 

0
tapN

Fig. 4. Architecture of proposed distributed coordinated voltage 
control. 

V.  CASE STUDY 

In this section, the performance of the proposed distributed 
coordinated voltage control scheme is tested on a Finnish 
distribution network equipped with a 1  MVar  STATCOM. 
The network topology is shown in Fig. 5. Two 20 kV feeders 
are connected to the same medium voltage (MV) bus equipped 
with a STATCOM. Eight DG units are connected to these 
feeders. More details of the ADN parameters can be found in 
[39]. In addition, the external system supplies power to the 
distribution network. 
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Fig. 5. Structure of an active distribution network. 
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The DG and STATCOM control is carried out every 0.5 s, 
  is set as 0.9 and   is set as 1

max*0.8 2 ( ) H M . The tap 
changing range of the OLTC is 9 1.67%   and the 
mechanical time delay is 5 s. The control period CT , 
prediction horizon PT  and the sampling time PT  of the MPC 
are designed as 5 s, 15 s, 0.5 s, respectively (i.e., 10SN   , 

3CN  ). The sampling computation period of the OLTC 
controller =0.5C PTT    s  and the predefined time to 
prevent OLTC mis-operation delayT  is set as 3 s. Firstly, for the 
decentralized reactive power control of DG and STATCOM, 
the results concerning the convergence performance with 
different control parameters are given. Secondly, the control 
performance under different operating conditions are tested. 

A.  Convergence Performance 

The convergence performance of the proposed reactive 
power control of DG and STATCOM with different value of 
the control parameters is presented in this subsection. The 
iteration number is set as 30. When testing the convergence 
performance with different  ,   is set as 0.9. When testing 
the convergence performance with different  ,  is set as 

1
max0.8*2 ( ) H M . 

(
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Fig. 6. Convergence performance of decentralized voltage control 
with different   and  . 

Fig. 6 shows the convergence performance with different 
  and  , where the parameter   is defined as 

1
max= *2 ( )   H M . It can be seen that the value of   and 

  are closely related to the convergence and stability of the 
proposed algorithm. The control scheme is more stable with 
small   and , and shows much better convergence when   
and   are larger.  

In order to achieve faster convergence and more stable 
results in various scenarios,   is set as 0.9 and   is set as 

1
max*0.8 2 ( ) H M  in this paper. 

The convergence performance of the scaled GP method and 

basic GP method is shown in Fig. 7. It can be seen that the 
scaled GP method converges to the optimal solution faster 
than the basic one. 
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Fig. 7. Convergence performance of basic GP method and scaled GP 
method. 
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Fig. 8. Convergence performance of the decentralized algorithm 
under different scenarios. 

The convergence performance of the decentralized 
algorithm under different scenarios is shown in Fig. 8. Four 
scenarios are simulated according to various DG outputs: 
Scenario1: 0.9 DGDGP S , Scenario2: 0.8 DGDGP S , 
Scenario3: 0.7DG DGP S  and Scenario4: DGP  changes from 
0.9 DGS  to 0.7 DGS . It can be seen that the decentralized 
algorithm can converge stably under different scenarios. 

B.  Voltage Control Performance 

In this subsection, the control performance of the proposed 
DCVC method is examined and compared with the ones based 
on the centralized model predictive control (CMPC), the ones 
with the LDC control for the OLTC and the ones without 
control of DG reactive power outputs (NC). For the 
centralized MPC control, the central controller obtains the 
global information and calculates the optimal reactive power 
support of the DG and STATCOM based on the MPC method. 
The total simulation time is set as 120 s and the control period 
of the CMPC control is set as 2 s. 
    1)  Normal Operation 

The control performance under normal operation only 
considering the fluctuations of DG power outputs and network 
load is tested in this subsection. Fig. 9 shows the mean voltage 
deviation of all critical buses, which reflects the overall 
voltage control performance of the distribution network. It can 
be seen that the DCVC and CMPC can both effectively 
regulate the voltages with small deviations and fluctuations 
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caused by the active power variations of DG units. Moreover, 
the voltage control performance of the DCVC is close to that 
of the CMPC.  
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Fig. 9. Mean voltage deviation of all buses. 
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Fig. 10. Voltage of Bus05. 
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Fig. 11. Voltage of Bus45. 

Figs. 10 and 11 show the voltage of Bus 05 connected with 
DG01 and Bus 45 at the end of feeder. Both the DCVC and 
CMPC schemes can improve the voltage performance and the 
voltage control performance of the DCVC control is close to 
that of the centralized CMPC control. With the proposed 
DCVC scheme, the voltages of Bus 05 are better than the ones 
with the CMPC method.  
    2)  Under Disturbance 

In this subsection, to illustrate the control performance 
under a large disturbance, the distribution network is 
simulated under the influence of large disturbances from the 
external network. There is a sudden voltage decrease of 0.1 
p.u. at the slack bus (t=50s), which causes all bus voltages 
decrease in the network. Fig. 12 shows the mean voltage 
deviation of all buses. As can be seen, the proposed DCVC 
strategy ,CMPC and LDC can better regulate the voltages and 
voltage deviations are smaller. Fig. 13 shows the tap position 
changes of the OLTC. It can be seen that the proposed DCVC 
scheme effectively reduces the operation times of the OLTC, 

while the CMPC and LDC have more OLTC operation times. 
The difference is that the OLTC adopts automatic voltage 
control according to the voltage of the MV Bus in the CMPC 
and LDC scheme. However, the proposed DCVC scheme 
minimizes the operations times of the OLTC while 
minimizing the voltage deviation from the nominal value 
within distribution networks. 
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Fig. 12. Mean voltage deviation of all buses. 
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Fig. 13. Tap position change of OLTC. 
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Fig. 14. Control signal delay of OLTC. 

The relationship between the optimal action command 
calculation and tap position changes is showed in Fig. 14. It 
can be seen that the OLTC transformer will receive the 
command and then act after the mechanical time delay mechT  
only when the duration of the optimal action command 
exceeds the predefined time delayT . In this way, the 
unnecessary operation of the OLTC is reduced.  
    3)  Long-Time-Scale 

To verify the control performance of the proposed DCVC 
scheme in a longer time-scale, the total simulation time is set 
as 1000 s in this subsection. Fig. 15 shows the mean voltage 
deviation of all buses. It can be seen that the proposed DCVC 
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can effectively regulate the voltages with small deviations in a 
long time-scale.  
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Fig. 15. Mean voltage deviation of all buses. 
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Fig. 16. Active power output of DG units. 

The variations of the DG outputs are shown in Fig. 16 and 
the reactive power outputs of DG units and STATCOM 
optimized in the proposed DCVC scheme are shown in Fig. 
17. It can be seen that the reactive power outputs of DG units 
and STATCOM are adjusted with the voltage fluctuation 
caused by the variations of the DG outputs.  
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Fig. 17. Reactive power outputs of DG units. 

VI.  CONCLUSION 

In this paper, a distributed coordinated voltage control 
scheme based on MPC and the GP method is proposed for 
distribution networks with DG units and OLTC. The control 
scheme considers voltage regulation devices with different 
temporal characteristics and their coordination: DG and 
STATCOM adopt decentralized control to calculate the 
optimal reactive power outputs locally and coordinate with the 

OLTC; the OLTC controller adopts the model predictive 
control (MPC) to calculate the optimal action command and 
coordinates with DG units through unidirectional 
communication. As such, it meets the requirement of fast 
voltage adjustment and ensures less switching operations of 
the OLTC with slow dynamics. Moreover, it also reduces the 
calculation burden of voltage controllers in the distribution 
network. As verified by the case studies, the coordinated 
voltage control scheme can efficiently maintain the voltages 
within the distribution network close to the nominal value and 
smaller fluctuations under the normal condition and reduce the 
operation times of the OLTC under the large-disturbance 
condition. 

APPENDIX 

OPTIMALITY AND STABILITY ANALYSIS 

A.  Optimality Analysis 

The weight matrix UG , as mentioned in Section Ⅲ, is 
positive definite; the reactive power constraint set min max[ , ]q q  
is a closed loop convex set; and the objective function ( )f q   
is obviously convex. Therefore, for a given U , the sufficient 
condition under which *q  is the global optimal solution is, 
 * * min max( ) ( ) 0, [ , ]f     q q q q q q  (36) 

by multiplying both sides with 1  H , 

 
* 1 * * *

min max

(( ( )) ) ( ) 0,

       [ , ] 0 0

f



     

  

q H q q q q

q q q H ， ，
 (37) 

thus, for a given min max[ , ]q q q , 
2 2 2* 1 * * * 1 * *

* 1 * * *

2* * 1 *
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q q H q q q H q q q

q H q q q q

q q H q

 (38) 
Formula (38) means that the optimal solution *q  is 

equivalent to the value closest to the vector 
* 1 *( ( ))f  q H q  in the constraint set min max[ , ]q q , i.e., 

 * * 1 *[( ( ))]f   q q H q +  (39) 

The optimal solution in (39) is exactly the result that the 
iteration in (18) converges to. Thus, if the decentralized 
control method converges to a solution, it must be the optimal 
within the constraint set. 

B.  Stability Analysis 

The range of control parameter that enables the iteration to 
converge is calculated in this part. According to (18), it can be 
obtained that, 

* *

1 *

*

1 *

( 1) = (1 )( ( ) )  

                          + [ ( ) ( ( ))]

                    (1 ) ( )

                         [ ( ) ( ( ))]

k k

k f k
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k f k



  



 

 

 

   

  

  

   

q q q q

q H q q

q q

q H q q

 (40) 

According to the mapping method (12) and equation (39), 
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 (41) 
then substitute the gradient ( ( ))=f k q ( )Mq k U Ur+ -  into the 
right side of the inequality, 

* * 1 *

1 *

( 1) (1 ) ( ) ( )( ( ) )
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k k k

k

  

  





       

    

q q q q I H M q q

I H M q q

  (42) 
Thus, a sufficient stability condition is that ( 1)k q  is 

closer to *q  than ( )kq , and this is equivalent to 
1 1  I H M . 

Define the matrix 1/2 -1 -1/2 -1/2 -1/2: ( ) D H H M H H MH  and 
for any given n-dimensional vector x , 
 -1/2 -1/2( ) ( ) 0  x Dx H x M H x  (43) 

obviously, matrix D   and 1H M  are both positive definite. 
According to the principle that the matrix Euclidean norm 

equals to its largest singular value, 1 1  I H M  holds if, 

 1

max
1 ( ) 1i  H M  (44) 

where 1( )i  H M 0  denotes an eigenvalue of the matrix. 
Besides, due to 0  , the sufficient condition for iteration 
convergence is, 

 
1

max

2
 

H M
 (45) 
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